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Abstract
Thermal engineering of Polymer Electrolyte Membrane (PEM) fuel cells is an operational requirement for optimum power generation. 
The first order analysis involves the monitoring of stack temperatures and acts as an input for process control. Excessive temperatures 
dehydrate the membrane and increase the internal losses of the system. A 3-cell air-cooled PEM fuel cell with an active area of 240 cm2
per cell was developed to analyze the thermal behavior of fuel cells under operation to the second order of heat transfer analysis. Here, 
direct analysis on the physical manifestations of stack temperatures is presented. The tests were conducted at dry reactant conditions and 
subjected to active (positive pressure) and passive cooling modes. Zonal cell temperatures were obtained that is capable of identifying 
active sites within the cells. Averaged stack temperatures were then formulated from the zonal temperatures that represent the required 
input for process control.
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA.
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1. Introduction
Polymer Electrolyte Membrane (PEM) fuel cell stacks is favored in many alternative energy applications due to its 
operational strengths, especially in its zero emission capability. It primarily generates heat from the entropic heat of 
reactions and the irreversibilities of the electrochemical reactions. The magnitude of thermal energy is associated with the 
conversion efficiency of the cell, which is a function of its polarization behavior. In general, a fuel cell with 50% conversion 
efficiency generates equal electrical and thermal powers. However, our initial work in [1] shows that the heat generated 
increases exponentially below this level and constraining the practical achievable efficiency.
Actual fuel cell behaviour is a complex multi-physics interaction between species transport, fluid flow, heat transfer, 
electrochemical reaction, potential field transport and current density exchange. The operation of a PEM fuel cell mainly 
involves electrochemical reactions at microscopic levels (as in Fig. 1). Hydrogen is diffused through the gas diffusion layer 
(GDL) and catalytically split by an oxidation half-cell reaction to form protons and electrons. This reaction occurs at the 
electrode layer coated with platinum based catalyst. At the anode electrode, the positive hydrogen ions are permitted to 
travel through the membrane to the cathode side. The electrons from the oxidation of hydrogen are forced to travel through 
an external path by virtue of the difference in electrical potential that exists between the anodes and cathodes, thus creating 
electrical current. 
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Both protons and electrons then react with a stream of oxygen on the cathode side, completing the electrochemical cycle 
by forming water. The formation of water and the internal resistance of the electrical circuit generate heat as another by-
product. The heat concentration is normally higher at the cathode side, increasing the cell temperature and causing 
membrane dehydration if the heat is not effectively removed. The half cell reactions at both electrodes are written as
Anode: H2 Æ 2H+ + 2e-             (1)
Cathode: ½ O2 + 2H+ + 2e- Æ H2O                 (2)
The overall cell reaction is then,
2H2 + O2 Æ 2H2O       (3)
Fig. 1. Simplified operational diagram of a PEM fuel cell
1.1. Thermal Engineering of PEM fuel cells
Thermal engineering plays a vital role in removing excess heat from the stack. The effects of heat to the operation of a 
fuel cell are subjective and complex; heat is needed to improve the reaction rates, but too much heat would lead to energy 
losses increase. The Membrane Electrode Assembly (MEA) is sensitive to changes in its internal moisture level. Excessive 
heat leads to membrane drying and consequently increases the charge transport resistance. 
Cooling channel design is an approach in cooling enhancement. A channel design does not merely concern the available 
surface area to satisfy Newton’s law of cooling, but the effect of stream trajectory based on channel geometry was also 
considered such as the works of Lasbet et.al [2] who explored the effect of channel curvatures to promote chaotic flows as a 
mean to improve fluid-surface thermal interactions.
Voltage losses are lower at higher operating temperatures, which is the reason it is desirable to operate fuel cells at 
elevated temperatures to achieve higher practical voltages, which in turn reduces the inherent irreversible losses within the 
system. Widely applied technology in PEMFC has low operating temperature limits, typically in the range of 60oC to 100oC 
[3], with lab-tested MEA operating at 120oC has also been reported by Bonville et al. [4] and between 140oC to 180oC by 
Scholta et al. [5]. It was reported that high temperature fuel cells operating above 120oC exhibits better characteristics such 
as improved heat utilization, increased reaction rates, and simplified water management [6].
Stack temperature profiles are very important tools in fuel cell operational control and performance analysis. The 
information provided in this paper explores in detail the various stack temperature profiles and supporting analysis that is 
useful for subsequent thermal analysis as well as understanding the relations between stack temperatures and actual 
polarization behaviour. The thermal power generated, Pth is proportional to the current, I, and exponentially influenced by 
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the difference in actual cell voltage, Vcell and the reversible cell voltage, Vr.  For a stack, the number of cells, ncell is also 
accounted, and the overall thermal power generated can be written as
Pth = (Vr – Vcell) I.ncell                   (4)
2. Design and Experimental
A 3-cell air-cooled PEM fuel cell stack with 40 cooling channels was fabricated based on the bipolar plate design as 
illustrated in Fig. 2. The stack was designed for a comprehensive thermal analysis of different cooling operation such as 
positive pressure & negative pressure flows. Here, the discussion is limited to positive pressure (blow fan mode) cooling 
operation using three vertically mounted cooling fans (1.5W each). As reference, Table 1 lists the geometrical specifications
of the cooling channel design while the general specifications of the reactant flow field are in Table 2. Fig. 4 shows the parts 
and complete assembly of the stack.
The MEA area of each cell is 240 cm2 and is a large cell by definition. The size was considered to be very suitable in 
thermal engineering analysis as it provides a cooling channel run-in length higher than 100 mm as well as allowing 
optimum cooling interface and thermal gradient development. It also allows a wider range of locations for zonal temperature 
monitoring and variations.
The stack voltage was closely monitored across all current loadings where the overall power curve of the stack is 
statistically determined. An averaged stack temperature needs to be presented from a set of temperature readings across the 
stack. Temperature probes were positioned within the cooling channels to obtain a direct surface temperature response to the 
cooling activity. The positioning of the probes were selected to cover the middle section and both cooling fluid ends, as well 
as three designated stack zones relative to the hydrogen inlet and outlet ports – top zone (near the hydrogen inlet), middle 
zone and bottom zone (near the hydrogen exit), as illustrated in Fig. 3. 
Fig. 2. The bipolar plate and cooling channel design developed into a 3-cell closed cathode stack assembly
Table 1. Specification of cooling channel design
Design label Number of channels
Width 
(mm)
Height 
(mm)
Length 
(mm)
Aspect 
ratio
D1 40 3.48 2 149.5 1.7
Air supply 
channel
H2 supply 
channel
Air cooling 
channels
Graphite 
bipolar plates
24
3 
m
m
136 mm
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Table 2. General specifications of the flow field design
Specification Anode Cathode
Single channel geometry Width : 1 mm
Depth: 0.5 mm
Width : 1 to 2 mm
Depth: 0.5 mm
Flow configuration 7-pass serpentine 3-pass serpentine
Number of nominal channels 24 15
Fig. 3. Schematic showing the positioning of the thermocouples at one end; thermocouple depth at 25 mm from open ends (total of 8 thermocouples 
inserted into the stack cooling channels)
Table 3. PEMFC stack parameters
PEM Fuel Cell stack
Properties / parameters Values
1. Material Carbon graphite
2. Specific heat, C 710 J/kg.K
3. Density 2240 kg/m3
4. Effective stack volume 692.58 cm3
The test station comprises of a 1.6 kW electrical loader, temperature data logger, humidifier and gas flow devices with 
backpressure control. The test station automatically updates the voltage and temperature values over a standard 5 second 
interval. The experiments were conducted on a constant load current basis. The applied loads are as specified in Table 4 
while Table 5 lists the reactant supply properties for both hydrogen and ambient air. All three stacks were operated at 
reactant temperatures near to ambient as well as low inlet pressures (maximum 0.8 bar gauge pressure). 
Table 4. Experimental setup parameters
System and Operation
Properties / parameters Values
1. Load current 10A, 20A, 30Aand 40A
2. Test station model GasHub 1.6 kW
3. Number of temperature probes 8 K-type thermocouple wires
H2 inlet
Air inlet H2 exit
Air exit
Thermocouple insertion points:
i. Two wires at the middle of the plate (both bipolar plates)
ii. Two wires at approximately 50 mm from opposite plate edges (alternate plates)
Mono polar plate 2
Bipolar plate 2
Mono polar plate 1
Bipolar plate 1
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Fig. 4. The fuel cell stack assembly and parts diagram
Table 5. Reactant supply properties
Properties / parameters Hydrogen Air
1. Delivery pressure from main line 0.8 bar gage 1 bar gage
2. Inlet pressure 0.6 bar – 0.7 bar gage 0.7 bar – 0.8 bar gage
3. Backpressure difference 0.2 bar – 0.4 bar gage 0.2 bar – 0.4 bar gage
4. Inlet temperature 32oC – 35oC 35oC – 38oC
5. Supply flow rate range (stoichiometry)
- 10A load
- 20A load
- 30A load
- 40A load
(in liters/min)
0.9 (12)
1.3 (8.7)
1.5 (6.7)
1.9 (6.3)
(in liters/min)
26.4
13.2
8.8
6.6
6. Supply source Hydrogen supply tank 
(MOX)
Compressed air tank
7. Purity/Relative humidity 99.999% purity §5+
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3. Results and Discussion
Fig. 5. Polarization curve of stack D1with electrical and thermal power comparison
The polarization curves and the ensuing electrical with corresponding thermal power outputs are presented in Fig. 5. In 
practice, the reversible fuel cell voltage is 1.254V which accounted for the vapor phase energy of the water generated. 
Therefore, the 3-cell assembly would have a reversible voltage of 3.76V. Here, the stack registered an open voltage value of 
approximately 3V, or 80% conversion efficiency.
The polarization analysis allows the evaluation of thermal energy for each stack as the load is varied. Equal electrical 
and thermal power outputs would occur between 20A and 30A loads, corresponding to a conversion efficiency of 50%. 
From that point onwards, the thermal power increases exponentially compared to the reduced rate of electrical power 
increase. The flow field designs and relative operating conditions were identified as the main factors in explaining the high
voltage decrease as the load was increased by 10A. 
An efficient fuel cell allows a very fast removal and replenishment of the reactants that maintains optimum energy 
equilibrium across the electrodes. However, the existence of generated heat and water, and combined with geometrical 
aspects of the flow channels such as depth and length that influences the mechanics of flow, would have diverse effects on 
the rate of reactant replenishment into the fuel cell. The most common phenomena during operation to explain voltage drops 
would be the flooding effect, which is caused by formation of water in liquid phase within the channels and blocking the 
passage of reactants. It was suggested in [7] that the minimum operating temperature to avoid flooding is 60oC. Operation at 
low reactant temperature, such as defined for the works here, promoted a high level of flooding within the channels that led 
to voltage deteriorations. 
Each experimental data sets were first broken into zonal temperature profiles (Fig. 6), allowing a closer look into the 
temperature distribution along a cooling channel at a specified zone. These zonal temperatures are also direct indicators on 
areas of electrochemical activity. The temperature readings were statistically averaged to represent a single stack 
temperature as a basis for thermal calculations. Fig. 7 illustrates a graphical plot of the averaged stack temperature as the 
load was gradually increased when no active cooling was involved. Stack temperature increase were identified as the load 
was increased by increments of 10A, and clearly, higher loads exhibits a higher rate of increase. 
In an active cooling environment (positive pressure fan setting), the zonal and averaged stack temperatures plots gives 
useful information on the effect of cooling to the temperature profile (Fig. 8). An ideal case of temperature profile along a 
cooling channel would be a gradual temperature increase from the inlet to the outlet as the air cooling capability reduces 
downstream. In the case of cooling using blow fan setting, the zonal temperatures fits the trend found in Fig. 7 (without 
active cooling), where the middle zone temperature is higher than the other zones. A closer look at the middle zone profile 
indicates that the centre area temperature is always higher than the exit area temperature. The inlet area temperatures, where 
cooling effects are optimum due to first contact with the incoming coolant, are significantly lower than the exit temperature. 
This trend highly suggests that the centre area is actively generating heat.
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Fig. 6. Zonal temperature profiles for stack D1 without active cooling at 30A; (a) top zone, (b) middle zone, and (c) bottom zone
Fig. 7. Averaged stack temperature profile without active cooling at successive loads of 10A, 20A and 30A, followed by free cooling without any load
4. Conclusion
The temperature profiles of a PEM fuel cell is an important parameter in fuel cell operation control. Here, a 
methodology of stack temperature analysis was presented that acknowledges the usefulness of having zonal temperature 
monitoring instead of a single location monitoring. The cooling effect of positive pressure air flow was directly identified 
from the work and the middle zone centre area was also identified as the hottest region within the stack. The first order 
analysis of temperature profile is highly necessary before heat transfer analysis can be introduced for further detailing the
thermal behavior of a PEM fuel cell stack. 
Acknowledgements
The authors extend our acknowledgement to the Ministry of Higher Education of Malaysia (MoHE) for the funds 
provided under the Fundamental Research Grant Scheme FRGS/1/10/TK/UITM/02/06 for the duration of the project.
1742   R. Atan and W.A. Najmi W.M /  Procedia Engineering  41 ( 2012 )  1735 – 1742 
Fig. 8. Stack temperature profiling at 30A load and full power blower fan setting for D1; (a) top zone, (b) middle zone, (c) 
bottom zone, and (d) averaged stack temperature
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